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Abstract: New discoveries require a fundamental revision of the view on the mechanism of the
32CAreaction (according to the older nomenclature defined as 1,3-dipolar cycloaddition reactions).
The view of the one-step, “concerted” mechanism of such processes developed in the 20-century is
very popular today, both in academic literature and among organic chemists who do not specialize in
such transformations. Meanwhile, more and more reports bring examples of reactions that clearly
cannot be treated as processes without intermediates. However, these examples are documented very
differently. In addition to comprehensive studies using many complementary research techniques,
there are also reports in which the presence of intermediates in the cycloaddition environment is
postulated on the basis of very unreliable premises. This review is an attempt at a critical analysis
and systematization of data in the presented area.
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1. Introduction

The first case of [3+2] cycloaddition (32CA) was described in 1888 and relates to the reaction
of carboethoxydiazomethane 1 with diethyl fumarate 2 [1]. This reaction produces an unsTable
3,4,5-tricarboethoxypyrazoline 3 of undetected stereo-configuration, which is spontaneously converted
to 1,2,3-tricarboethoxycyclopropane 4 upon elimination of the nitrogen molecule (Scheme 1).
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Scheme 1. The first historical example of 32CA reaction between carboethoxydiazomethane and
dietyl fumarate.

According to the definition of Huisgen, which appeared more than half a century later [2], the basis
of 32CA is the participation of compounds known then as 1,3-dipoles. Huisgen included among them,
inter alia, nitrones, azomethyne ylides, carbonylylides, nitrile oxides, azides, diazomethane analogs,
ozone, and many more. The mechanism of this type of transformation proposed by Huisgen [2,3]
assumed a synchronous circular shift of six 7-electrons within a five-member transition state. As a
result, simultaneously with breaking the existing 7w bonds, two new o bonds would arise. A mechanism
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of this kind was called “concerted” and was generally recognized as valid regardless of additive
structure (Scheme 2).
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Scheme 2. Concerted mechanism of 32CA proposed by Huisgen.

For a long time, this view was considered the only correct one, despite numerous attempts to find
cases of the mechanism deviating from the generally accepted dogma. To this day, it remains the only
cycloaddition theory available in many academic textbooks [4,5]. The most vociferous debate on this
subject took place with the participation of Huisen [2,3,6,7] and Firestone, who postulated the presence
of the diradical intermediate by converting addents into adducts [8-10] (Scheme 3).
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Scheme 3. Stepwise, biradical mechanism of 32CA proposed by Firestone.

However, examples clearly proving the existence of such intermediates were not found at
that time. Yet not many years passed before Huisgen himself refuted his theory, defended with
such great energy, publishing in 1986 the works [11,12], in which he proved beyond any doubt
the stepwise nature of some 32CA processes involving sterically crowded tiocarbonyl ylides and
extremely deficient alkenes. Another significant breakthrough came when Domingo showed [13] that
not all compounds previously referred to as 1,3-dipoles can, in fact, be ascribed a 1,3-dipolar nature.
Domingo defined them more universally as “three atom components” (TACs), and divided them into
different groups differing in electronic structure, which, in turn, determines the type of reactivity in the
cycloaddition process (Table 1) [13,14]. This made it necessary to replace the until recently common
term “1,3-dipolar cycloaddition” with the more appropriate term [3+2] cycloaddition, referring to
the number of atoms contributed by the reaction components to the ring being formed. This term is
commonly used today.

Currently, taking into account the differences in the polarity of the 32CA components,
these processes (similar to the Diels—Alder reactions) are generally classified into two groups: Polar and
non-polar [13-15]. In both groups, these can be processes with synchronous and asynchronous
formation of new bonds 0. The stepwise mechanism (Figure 1) will be the extreme case of the
latter variant.

In this case, the first step in the reaction will be the formation of the labile acyclic intermediate.
Since the possibility of rotation around the bond brought from the 2-m-component to the target
five-membered ring is unlocked within it, the stepwise process may be carried out with a partial or
complete change of the substituent configuration. This, in turn, implies obvious effects in synthetic
practice as manifested by limited stereo-selectivity. Hence, from a practical point of view, it is worth
being able to recognize the conditions under which it is possible to force the 32CA mechanism stepwise.
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Table 1. Examples of different-type, nitrogen containing three atom components (TACs) according to

Domingo classification [13].
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Figure 1. Theoretically possible cycloaddition mechanism in the light of degree bonds development.

There are a number of factors that may suggest a stepwise mechanism. As already mentioned,
the existence of the zwitterionic intermediate may result in a loss of the stereospecificity of the reaction.
Moreover, zwitterion conversion products may appear in the post-reaction mass. Another kind of
information comes from kinetic research. It is known [16,17] that zwitterionic reactions are sensitive
to changes in the polarity of the environment and the nature of the substituent linked to the reaction
centers. Moreover, the entropies of activation of such processes can be much lower than in the case
of single-step reactions. Finally, the development of computational methods and the availability of
high-powered computers offer the possibility of quantum-chemical modeling of reaction profiles,
shedding light on the nature of critical structures of cycloaddition.

In recent years, this issue has enjoyed ceaseless interest among organic chemists. Therefore, in this
paper, we decided to critically discuss the most important cases for which the zwitterionic, stepwise
mechanism of 32CA was postulated. These studies were performed with respect to reactions involving
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the most common TACs, such as thiocarbonyl- and azomethine ylides, nitrones and their derivatives,
nitrile N-oxides, azides, and diazo compounds.

2. TACs as Components of Stepwise 32CA Reactions

2.1. Thiocarbonyl Ylides

The first reliably documented case of stepwise 32CA which follows the zwitterionic mechanism
was described in 1986 by Huisgen and Mloston [12] (Scheme 4). The authors observed that in the
case of reactions with sterically crowded thiocarbonyl ylides 5a,b dimethyl 1,2-dicyanofumarate 6,
both being adducts with the expected trans-configuration of substituents in the 3 and 4 positions of the
heterocyclic ring (10a,b), as well as the 3,4-cis configuration (11a,b). Interestingly, identical pairs of
products are formed in an analogous reaction involving dimethyl 1,2-dicyanomaleate 7. Since there
are no acid protons in positions 3 and 4 of the formed thiolates, the only explanation for the observed
isomerization is the formation of zwitterion 8a,b and 9a,b as an intermediate by reaction. Moreover,
experimental studies have shown a significant influence on the stereo-selectivity of cycloaddition of
the polarity of the solvent. Stepwise, the zwitterionic mechanism of the described 32CA is further
confirmed by quantum chemical studies performed in the Houk group [18].
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Scheme 4. Mechanism of 32CA of sterically crowded thiocarbonyloylides with 1,2-dicyanofumarate
and dimethyl 1,2-dicyanomaleate.

On the other hand, in the course of a similar reaction involving
2,2,4 4-tetramethyl-3-thiocyclobutanone S-methylide 5b and tetracyanoethene 12, apart from
the expected [3+2] cycloadduct, it forms an adduct [3+4] [11] (Scheme 5). Since [3+4] cycloadditions do
not follow one-step mechanisms, the authors assumed that, in the course of the reaction, a zwitterionic
intermediate may be formed and cyclized on competing pathways to 5- or 7-membered products.
Such a mechanism can be considered credible in the light of the above-mentioned data on similar
reactions involving dimethyl 1,2-dicyanofumarate 6 and dimethyl 1,2-dicyanomaleate 7. It is
additionally confirmed by quantum chemical studies performed by Domingo [19].

Later studies showed that an analogous mechanism can be applied to a larger group of reactions
involving thiocarbonyl ylides spatially crowded at one of the carbon atoms of the >CSC< fragment
and 1,2-di(EWG)-1,2-dicyanoethenes [20-25]. Interestingly, in the case of reactions involving alkenes
having CF3 groups on the double bond, the intermediates with a “bent” ketimine fragment can be
isolated as stable links and identified by X-ray analysis.
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Scheme 5. Mechanism of 32CA of 2,2,4,4-tetramethyl-3-thiocyclobutanone S-methylide with
tetracyanoethene.

2,2,4,4-tetramethyl-3-thiocyclobutanone S-methylide 5b was also tested as a component of the
reaction with nitroethylene 17 (Scheme 6) [26]. In this reaction, in addition to the expected nitrothiolane,
considerable amounts of polynitroethylene are formed. This gave rise to the conclusion that the first
stage of the reaction is likely to be zwitterion formation, which on competing pathways can either
cyclize to [342] cycloadduct 19 or initiate ionic polymerization of nitroethene. Such a scenario is
confirmed by the recent comprehensive DFT studies [27,28], taking into account both the stage of
zwitterion formation and its cyclization, as well as the molecular mechanism of polymerization leading
to multi-nitro compounds.

o)
o)
R NO, \H ©_NO,
+ | S X !
® (%HZ 17
- 18 19
NO,
1
17
o)
N@
£l S @
20 i
NO, NO,

Scheme 6. Mechanism of 32CA of 2,24,4-tetramethyl-3-thiocyclobutanone S-methylide with
nitroethene.

2.2. Nitrones and Their Derivatives

The first case of [3+2] nitrone (imine N-oxides) cycloaddition where evidence was sought for a
stepwise mechanism was the reaction of (Z)-C,N-diphenylnitrone (21) with 2,3-dialkyl substituted
conjugated 1,3-dienes 22a—c [29,30] (Scheme 7). In all the cited cases, an adduct of the [3+4] type
was identified in the post-reaction mass in addition to the expected isoxazolidines (23a—c and 25a—c),
and the adducts, as we know, are not formed by one-step cycloaddition [31]. This gave rise to the
assumption that a non-cyclic intermediate may occur through the conversion of the substrates to the
product. However, the authors ruled out the zwitterionic nature of the hypothetical intermediate by
examining the influence of environmental polarity on the course of the reaction. At the same time,
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they did not prove that this intermediate does indeed form. Recent DFT studies have shown [32]
that, in fact, the investigated reactions are carried out without any acyclic intermediate, and the
seven-membered product 26a—c is formed by isoxazolidine 23a—c rearrangement.
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Scheme 7. Mechanism of 32CA of (Z)-C,N-diphenylnitrone with 2,3-dialkylsubstituted conjugated
1,3-dienes.

In turn, in the case of 32CA, with the participation of in situ generated
C-arylonitrone 27a—c with perfluorinated hexene 28, next to the expected stereo-isomeric
3-aryl-4,4-trifluromethyl-5-fluoro-5-perfluoropentylisoxazolidines 29a—c and 31a-c, O-perfluoroalkyl
oximes are formed (Scheme 8). This must be associated with the formation of the zwitterionic acyclic
intermediate 30a—c. It remains an open question whether it is a common intermediate for the formation
of [3+2] cycloadducts 29a—c and 31a—c.
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Scheme 8. Mechanism of 32CA of C-arylonitrone with perfluorinated hexene.

In the isomeric reactions of (E)- and (Z)-1,1,1,2,3-pentafluoro-3-phenylethenes 34a—c and 35a—c,
mixtures of adducts with a configuration on the C3 and C4 atoms of the heterocyclic ring are always
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formed, which is identical to those added to alkene, and the reverse [33] (Scheme 9). As there are
no acidic protons at these atoms that could stimulate the process of adduct isomerization, this fact
implies the necessity to create an acyclic intermediate within which rotation around the >C(F)-CFF(CFs)
bond is possible. The existing stereo-chemical evidence for the stepwise mechanism of the analyzed
32CAis therefore identical to that in the case of thiocarbonyl ylides.
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Scheme 9. Mechanism of 32CA of N-methylnitrone with (E)- and (Z)-1,1,1,2,3-pentafluoro-3-phenylethenes.

The [3+2] cycloadditions of the same alkenes with N-t-butyl nitrone are similar [33]. Other types
of products that could indicate the stepwise 32CA mechanism were identified in the reaction medium
of N-oxide 1-benzyl-4,5-diphenylimidazole 40 with 1,1-dicyano-2,2-di (trifluromethyl)ethene 41 [34]
(Scheme 10). It turned out that, in an anhydrous environment, this reaction leads to the expected
isoxazolidine 45. However, in the presence of water, zwitterion 42 traps the H,O molecule and then
decomposes into simpler molecules 43 and 44.

In all three cases discussed above, the reaction mechanism is undoubtedly influenced by the fact
that the CF3 groups tend to stabilize zwitterion structures [35].

The 32CAs of (Z)-C-(9-anthracene)-N-arylonitrones 46a—c with (E)-3,3,3-trichloro-1-nitroprop-1-ene
47 are realized in a completely regio- and stereo-selective manner, always leading to the corresponding
2-aryl-3-(9-anthracene)-4-nitro-5-trichloromethylisoxazolidine 49a—c as the only cycloaddition product [16]
(Scheme 11). It is significant that it is a relatively more spatially crowded product among those theoretically
possible. This would mean that the approximation of the reaction centers takes place so asynchronously
that, in the first reaction step, the bond between the carbon atom of the nitrone CNO fragment and the
alpha carbon atom of the nitrovinyl fragment is not formed at all. This, in turn, implies the stepwise
mechanism of the cycloaddition, the first step of which is the formation of the zwitterion. Due to the
polar nature of additive interactions, this process is easy, and therefore it is definitely favored over other
theoretically possible ways of transforming substrates. Comprehensive DFT calculations, performed in
parallel with the experimental work, fully confirmed the above assumptions.
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Scheme 10. Mechanism of 32CA of 1-benzyl-4,5-diphenylimidazole N-oxide with

1,1-dicyano-2,2-di(trifluromethyl)ethene.
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Scheme 11. Mechanism of 32CA of (Z)-C-(9-anthracene)-N-arylonitrones with

(E)-3,3,3-trichloro-1-nitroprop-1-ene.

Similarly, the view of a stepwise zwitterionic mechanism of a similar, completely
regio- and stereo-selective 32CAinvolving (Z)-C-(3,4,5-trimethoxyphenyl)-N-methylnitrone 50 and
(2)-3,3,3-trichloro-1-bromo-1-nitroethene (51) has been documented [36,37] (Scheme 12).
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Scheme 12.  Mechanism of 32CA of (Z)-C-(34,5-trimethoxyphenyl)-N-methylnitrone with
(2)-3,3,3-trichloro-1-1-bromo-1-nitroprop-1-ene.

The presence of a bromine atom, which additionally shields the «-carbon atom of the nitrovinyl
fragment, undoubtedly plays a key role in imposing the zwitterionic mechanism of this transformation.
It is known that the 32CAreactions of the same nitrone with 2-substituted nitroethenes follow the polar
and asynchronous, but one-step, mechanisms [38] (Scheme 13).
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Scheme 13.  Mechanism of 32CA of (Z)-C-(3,4,5-trimethoxyphenyl)-N-methylnitrone with
(E)-2-R-1-nitroethenes.

Experimental and theoretical studies have shown that 32CA of (Z)-C,N-diphenylnitrone 21 to
nitroethene 17 is carried out in accordance with the one-step mechanism [39]. However, in the course
of a similar reaction involving the selenyl analog of nitrone 59, the formation of zwitterionic transition
structures is possible [40] (Scheme 14). Similar studies were also carried out on a similar reaction with
the sulphur analog of nitrone [41] but did not show the possibility of zwitterion formation.
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Scheme 14. Mechanism of 32CA of (Z)-C,N-diphenylnitrone and its seleno analogue with nitroethene.

The 32CA of (Z)-C N-diarylnitrones 63a—d with 1-chloronitroethene 64 are completely regio-selective
and lead to stereo-isomeric mixtures of 3,4-trans- and 3,4-cis-2,3-diaryl-4-chloro-4-nitroisoxazolidine (67a—d
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and 68a—d, respectively) [42] (Scheme 15). Comprehensive studies of the influence of the nature of the
substituent and the polarity of the environment on the stereo-selectivity and kinetics of the reaction show
that these reactions are carried out in accordance with a single-step mechanism. DFT theoretical research
leads to a similar conclusion. Analogous studies suggest that, in the environment of dialkylimidazolium
ionic liquids, the same cycloadditions should occur in accordance with the stepwise mechanism. This is a
result of increasing the electrophilicity of nitroalkene through its complexation with dialkylimidazolium
cations [BMIM].

[BMIM]
o Ph. ® ©_NO, Ph NO,
o gy BMIM] N J’uu ; “Cl L BMIM]
W/ g c) Ar- "0 Ar—"o
64 = o
Ph® ©_c Ph CINO
Ph ' J""No2 , ' NO,
- o + [BMIM]
N — N ar-Noo” [BMIM] AN
g cl_N* 66 68
o |y
Ph.  NO, Ph. Cl
64 Cl . "INO,
Ar/N\o Ar/N‘O
67 68
Ar=
a b c d

==

L ‘@
BMIM = gy-NN-pe

Scheme 15. Mechanism of 32CA of (Z)-C-phenyl-N-arylonitrones with 1-chloronitroethene under
thermal conditions and in the presence of dialkylimidazolium cations of ionic liquids.

A similar effect of the presence of dialkylimidazolium cations in ionic liquids on the reaction
mechanism was previously noted with respect to [4+2] cycloaddition [43].

The research conducted so far focused on 32CA of nitrone 21 with extremely electrophilic
nitroalkene 1,1-dinitroethene 69 [44] (Scheme 16). These studies suggest that, in the gas phase,
the analyzed reaction should follow a two-stage one-step mechanism, though through a strongly
asynchronous transition state. The introduction of even a slightly polar solvent to the reaction
environment forces the change of the mechanism to stepwise.

Much less often than nitrones, esters of nitronic acids (nitronates)—structurally related to
nitrones—are tested as components of [3+2] cycloadditions. Also in this group of TACs are examples
of reactions in the course of which the formation of zwitterionic intermediates is possible. For example,
the push-pull reaction of nitronate 72 with nitroethene 17 is performed in a fully regio-selective manner
yielding 2-methoxy-3,3-dicarbomethoxy-5-nitroisoxazolidine as the only cycloaddition product [45]
(Scheme 17). The exploration of reaction pathways using DFT methods showed [46] that the interactions
of additions can lead to the formation of unstable zwitterionic intermediates.
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Scheme 16. Mechanism of 32CA of (Z)-C,N-diphenylnitrone with 1,1-dinitroethene in the gas phase
and in solution.
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Scheme 17. Mechanism of 32CA of N-methoxy-C,C-dicarbomethoxy imine N-oxide with nitroethene.

Aromatic amine oxides are not formally recognized as nitrones, but their >C=N(O) fragment
with activated alkenes can react according to the 32CA scheme [47,48]. In this case, the zwitterionic
intermediate mechanism (Scheme 18) has been postulated from reactions involving pyridine N-oxide
and a series of isocyanates. However, this postulate was based solely on the semi-empirical data of
PM3 calculations, and as we know [49], this type of approach suggests a geometry of the transition
states that differs significantly from the real ones. Therefore, the proposed mechanism should be

approached with caution.
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Scheme 18. Mechanism of 32CAof pyridine N-oxide with isocyanates.
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2.3. Azomethine Ylides

Reactions of n-deficient cyclic ylides 79a—f with dimethylaminopropyne 80 always yield one
product (Scheme 19). Comprehensive kinetic studies have shown that these reactions are much more
sensitive to environmental polarity than typical 32CA involving simple components [50]. For example,
the model reaction rate constant in low polar toluene is 70 times lower than that in clearly polar
acetonitrile. This allows the assumption that the reaction is polar in nature and that the presence of
zwitterionic intermediate cannot be ruled out. However, recent MEDT studies [51] do not confirm
this hypothesis. The transition states, optimized by DFT calculations, are indeed of an asynchronous
nature, but not so much that it is possible to enforce the stepwise mechanism.
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Scheme 19. Mechanism of 32CA of m-deficient cyclic ylides with dimethylaminopropyne.

The stereo-selectivity of 32CA of 1,3-diphenyl-N-methyl-azomethine ylide 82 with
1,2-dicyanofumarate dimethyl 6 and 1,2-dicyanomaleate dimethyl 7 is, qualitatively, similar to
the analogous reaction with 2,2,4,4-tetramethyl-3-thiocyclobutanone S-methylide 5b [17] with the
same alkenes (Scheme 20). In particular, in both cases, products are formed with a relative
configuration of nitrile groups identical to that observed in alkene, and the reverse [52]. The loss of the
stereo-configuration contributed from the starting material, therefore, indicates that rotation around the
MeOOC(CN)-C-C-(CN)COOMe bond must have occurred in the course of the reaction. This, in turn,
implies the necessity of the appearance of acyclic intermediates in the environment of reactions. In this
case, simulations of the reactionary paths made on the basis of complex quantum-chemical calculations
fully confirm the thesis, based on the results of experimental work.
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Scheme 20. Mechanism of 32CA of 1,3-diphenyl-N-methyl-azomethine ylide with 1,2-dicyanofumarate
and dimethyl 1,2-dicyanomaleate.
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According to the zwitterionic mechanism, there may be a reaction between N-methylazomethine
ylide and (E)-2-aryl-1-cyano-1-nitroethenes [53] (Scheme 21). This is carried out under mild conditions
and leads to the corresponding 1-methyl-3-cyano-3-nitro-4-arylpyrrolidines in high yields. The authors
of [53] analyzed the nature of the intermolecular interactions in the elementary reaction, and found that
they were clearly polar. The zwitterionic mechanism is supported by the fact that other nucleophilic
TACs react with (E)-2-aryl-1-cyano-1-nitroethenes to form zwitterionic structures [54]. Unfortunately,
the research material collected so far does not provide grounds for an unequivocal conclusion on
this subject.
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Scheme 21. Mechanism of 32CA of N-methyl-azomethine ylide with (E)-2-aryl-1-cyano-1-nitroethenes.
2.4. Nitrile N-Oxides and Azides

The stepwise mechanism of 32CA was postulated in the 1970s in relation to the reaction of
3,5-dichloro-2,4,6-trimethylbenzonitrile N-oxide with a series of arylacetylenes (Scheme 22). In these
reactions, in addition to the expected isoxazoles 92, acyclic adducts 95 are simultaneously formed,
which may be conversion products of the originally formed zwitterions [55]. However, a comprehensive
study of the reaction kinetics performed somewhat later [56] ruled out the possibility that the zwitterionic
intermediate could exist in the additive conversion pathway to isoxazole. It is most likely that the ionic
character is only a completely independent and competitive reaction leading to 95.
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Scheme 22. Mechanism of 32CA of 3,5-dichloro-2,4,6-trimethylbenzonitrile N-oxide with arylacetylenes.
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It is likely that the reaction mechanism of benzonitrile N-oxide 96 with
1,1,2,2,3,3-hexamethyl-4,5-dimethylenecyclopentane 22a is similar to that described above [57] (Scheme 23).
In this reaction, besides the expected spirocyclic isoxazoline 97, oxime 99 is also formed.

Ph
If]
No +
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Scheme 23. Mechanism of 32CA of benzonitrile N-oxide with

1,1,2,2,3,3-hexamethyl-4,5-dimethylenecyclopentane.

The presence of zwitterionic intermediates is more likely in the reaction of aromatic nitrile N-oxides
96 with nitroacetylene 100 (Scheme 24). DFT studies of the model reaction with the participation
of benzonitrile N-oxide showed [58] that the interactions of additions can, in this case, lead to the
formation of an extended zwitterion. A similar reaction mechanism is suggested by analogous
theoretical studies for the reaction of phenyl azide 101 with the same nitroacetylene 100 (Scheme 24).
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Scheme 24. Mechanism of hypothetical 32CA of benzonitrile N-oxide and phenyl azide
with nitroacetylene.

The mechanistic studies of the 32CA of acetonitrile N-oxide 108 with tetraaminoethylene 109 [59]
(Scheme 25) are also completely theoretical. DFT calculations allow for the formation of various
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zwitterionic forms in the course of the reaction, one of which, with a “cyclic” conformation, may be
further converted to 3-methyl-4,4,5,5-tetraaminoisoxazoline 112. Similar conclusions are drawn by

analogous studies with regard to 32CA of trifluoroacetonitrile N-oxide with vinylamine [60].
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Scheme 25. Mechanism of hypothetical 32CA of acetonitrile N-oxide with tetraaminoethene.

Absolute evidence of zwitterion on the 32CA pathway was obtained in the case of n-deficient 113a—e
azides reactions with 5-alkylidenedihydrotetrazole 114 [61,62] (Scheme 26). This zwitterion was able to
be isolated in a stable form at low temperatures and identified using the X-ray technique. Its cyclization
takes place only at an elevated temperature, which at the same time causes a spontaneous decomposition
of the resulting cycloadduct according to the retro-32CA scheme leading to dimethyldiazomethane 118

and imine 117a-e.
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Scheme 26. Mechanism of 32CA of n-deficient azides with 5-alkylidenedihydrotetrazole.

2.5. Diazocompounds

Stepwise, the zwitterionic mechanism of 32CA of diaryldiazomethanes 119a-c¢ from
hexafluoroacetone 120 was postulated in the 1970s [63] (Scheme 27). This hypothesis was based
on the clearly nucleophilic nature of TACs and the 7t-deficit nature of hexafluoroacetone 120. Such a
mechanism could be additionally favored by the stabilization of zwitterionic structures by CF3
groups [35]. However, recently conducted comprehensive DFT studies [64] have shown that the
analyzed cycloadditions are carried out in accordance with the polar, but one-step mechanism.
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Scheme 27. Mechanism of 32CA of diaryldiazomethanes with hexafluoroacetone.

In the reactions of diazafluorene 123 with (E)-2-aryl-1-cyano-1-nitroethenes 88a, 124a—c instead
of the expected nitropirazolines 127, azines 126 [54] are formed, the structure of which has been
confirmed unambiguously by X-ray analysis (Scheme 28). This led to the assumption that in the first
step of the reaction, zwitterionic intermediate 125 is formed, which is then converted only in the next
step. Comprehensive DFT studies carried out in parallel have fully confirmed this assumption. It is
significant that (E)-3,3,3-trichloro-1-nitroprop-1-en 47, despite its global electrophilicity being almost
identical to 124, reacts with diazafluorene to give pyrazoline 128. Theoretical studies have shown that
this transformation takes place without the intermediate (Scheme 28).
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Scheme 28. Mechanism of 32CA of diazafluorene with EWG -functionalized nitroethenes.
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As shown by comprehensive experimental and quantum chemical studies [65], the stage of the
attack of the nucleophilic nitrogen atom on the strongly 7-deficit bond >C=C < with the formation of
zwitterion initiates not only the reaction of diazofluorene 123 with E-2-aryl-1-cyano-1-nitroethenes
88a, 124a—c, but also the reaction of the same TAC with dimethyl 1,2-dicyanofumarate 6 and dimethyl
1,2-dicyanomaleate 7 (Scheme 29). The intermediates thus formed may be isomerized, as a result of
which its Z-isomer appears in the reaction medium with E-2,3-dicyanobutenedioate, and its E-isomer
appears in the reaction medium with Z-2,3-dicyanobutenedioate. As a consequence, adducts are
formed each time, side by side with the relative configuration of the CN groups identical to the starting
alkene and inverse. These adducts are not stable under the reaction conditions and by elimination of
N; molecules they are stereo-selectively converted to the corresponding cyclopropanes. The molecular
mechanism of the reaction of diphenyldiazomethane 119b and other diazo compounds with the same
alkenes is similar [65].
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Scheme 29. Mechanism of 32CA of diazafluorene with dimethyl 1,2-dicyanofumarate and dimethyl
1,2-dicyanomaleate.

However, the expected zwitterionic intermediates could not be detected in any way in the
case of 32CA of diphenyldiazomethane 119b with di(het)arylthioketones 133a—c [66] (Scheme 30).
These reactions follow a one-step mechanism, producing 2,2,5,5-tetraaryl-1,3,4-thiadiazolines 137a—c
undergoing spontaneous N; elimination [67,68]. This elimination does not lead directly to the
corresponding tiranes, but to ylide 136, which cyclizes only in the next step [66].
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Scheme 30. Mechanism of 32CA of diphenyldiazomethane with diarylthioketones.
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3. Conclusions

Research on the mechanistic aspects of the 32CA reaction has been ongoing for several dozen
years. It has long been postulated that, in addition to the commonly recognized one-step mechanism,
such reactions can also take place in accordance with multi-step mechanisms, with the participation of
zwitterion intermediates. However, the research material supporting these postulates is of varying
value. Most often, it is the nature of the products isolated in the reaction mass. Such evidence may
or may not be decisive in determining the response mechanism. There is work in which, apart from
the purely synthetic part, the authors have more valuably attempted to perform kinetic studies or
quantum chemical calculations. Finally, there is a group of work that is interesting from the cognitive
point of view, but concerns reactions that have not been verified so far, or even reactions involving
strictly hypothetical components. However, while even 30 years ago, stepwise cycloadditions were
referred to as incidental cases, as exceptions to the rule, stepwise zwitterionic cycloadditions should
today be classified as a real group of reactions that can be realized in diagnosable realities. They are,
for example, a large difference in the polarity of additions, a large differentiation in the degree of
shielding of unsaturated systems, the polar reaction environment, and the presence of structural
fragments stabilizing zwitterionic structures. The issues covered in this review are currently the subject
of intense research by many teams around the world.
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